Introduction {#sec1}
============

Historically, patients with locally advanced breast cancer were treated with radical surgery followed by adjuvant chemotherapy. Today, neoadjuvant therapy (NAT) is used to downstage tumors in order to allow for breast conservation, convert patients from inoperable to operable, and provide an in vivo marker of tumor response for the individual patient ([@B1]--[@B5]). Histopathology obtained from surgical specimens serves as the reference standard for evaluating response to NAT, and the documentation of a pathological complete response (pCR) in the breast and axillary tissue at the time of definitive surgery is associated with long-term survival ([@B6]--[@B8]). Thus, methods that can predict therapeutic efficacy at an early time point could help to individualize treatment and potentially avoid ineffective therapies.

The introduction of molecularly targeted therapies has underscored a critical need to develop and validate highly specific and robust biomarkers to assay the clinical and biological activity of these interventions. Positron emission tomography (PET) is recognized as an imaging technique that can provide a molecular and physiological assessment of a specific tissue. PET with the glucose analog ^18^F-fluorodeoxyglucose (FDG) is the most frequently used radiotracer in oncology. To assess treatment response with FDG-PET, Wahl et al. ([@B9]) developed the PET Evaluation Response Criteria in Solid Tumors (PERCIST), which quantifies the percent change from baseline in radiotracer uptake after therapy. Guidelines based on thresholds of percent change in FDG uptake provide definitions of tumor response and disease progression as a function of metabolic activity.

For breast imaging, FDG-PET is traditionally performed with the patient in the supine position with arms over the head. However, several studies have suggested that scanning with the patient in the prone position is superior for breast imaging as it provides improved separation of deep breast and axillary tissue from the chest wall ([@B10]--[@B12]). Furthermore, the introduction of hybrid PET/magnetic resonance imaging (MRI) systems provide additional motivation for studying prone FDG-PET, as breast MRI is performed in the prone position. There are 2 issues of relevance in comparing prone versus supine, first is the issue of sensitivity and specificity of lesion detectability, and the second is with regard to quantification of radiotracer uptake in the tumor. We have previously published on the former question, and showed improved visibility of cancer-involved lymph nodes, and thus a potential improvement in diagnostic assessment when FDG-PET of the breast was performed in the prone position ([@B13]). The scope of the current work addresses the second issue; in particular, the main objective was to compare PERCIST measurements calculated from prone and supine data in patients with breast cancer who underwent longitudinal FDG-PET during NAT. As a secondary objective, the ability to predict pCR was compared between prone and supine FDG-PET.

Methodology {#sec2}
===========

Patients {#sec2-1}
--------

As part of a prospective longitudinal imaging study \[NCT01222416; see ([@B13]--[@B15])\], eligible subjects were those diagnosed with measurable, histologically proven breast cancer and scheduled to undergo NAT. FDG-PET/CT was performed at 3 of the following 4 potential time points: before the start of NAT (*t~0~*), after the first cycle of therapy (*t~1~*), and either after the second treatment cycle (*t~2~*) or after completion of all cycles (*t~3~*). For patients who went on to surgery, pathologic response (pCR or non-pCR) was recorded for each patient. This protocol was approved by the Institutional Review Board of Vanderbilt University Medical Center. All study procedures were performed in accordance with the World Association Declaration of Helsinki Ethical Principles for Medical Research involving human subjects, and all study participants provided written informed consent to join the study.

Preparation {#sec2-2}
-----------

Patients fasted at least 6 hours before each imaging session. Before each scan, serum glucose was assayed and verified to be \<200 mg/dL. Approximately 258.9 MBq/kg of FDG (median, 254.5 MBq/kg; range, 191.4--334.4) was delivered into the antecubital vein contralateral to the affected breast. After injection, patients remained inactive in a dimmed room for ∼60 minutes; after this uptake period, patients voided the bladder and were positioned onto the imaging table.

Data Acquisition {#sec2-3}
----------------

Images were collected using a Discovery STE clinical PET scanner (GE Healthcare, Waukesha, WI) with arms raised above the head. Data were acquired in the following 2 orientations: in the prone position using a custom-built padded support device ([@B13], [@B16]) and in the standard supine position without the device. Both protocols featured 3D acquisition with 47 slices per bed position with an 11-slice overlap between bed positions: for the prone scan, 94 slices over 2 bed positions were acquired (ie, 83 contiguous slices from the bottom of the skull to mid-abdomen); for the supine scan, 376 slices over 8 bed positions were acquired (ie, 299 contiguous slices from the top of the skull to mid-thigh). For all but 2 subjects, data were first collected with the subject in the prone orientation, followed by supine orientation. PET images were reconstructed iteratively (20 subsets, 2 iterations, 6-mm smoothing), resulting in a 3.27-mm slice thickness and a 128 × 128 axial field-of-view matrix (5.47-mm^2^ pixel size). Each PET scan was accompanied by a low-milliampere CT without contrast to correct for attenuation artifacts and provide anatomic localization.

### Volume-of-Interest Analysis. {#sec2-3-1}

Using standard methods ([@B17], [@B18]), in-house algorithms were written in MATLAB (MathWorks, Natick, MA) to convert raw pixel intensity data from each DICOM series into standardized uptake values (*SUV*) as previously described ([@B15], [@B16]). The *SUV* normalized to lean muscle (*SUL*) was calculated as $\frac{A}{\left( {I^{\text{'}}/{LBM}} \right)},$ where *A* is the activity concentration (Bq/mL) in the PET image, *I*\' is the decay-corrected injected activity (Bq), and *LBM* is the patient\'s lean body mass (g) ([@B9]). PET/CT image fusion and visualization was carried out using OsiriX (Pixmeo, Geneva, Switzerland). Volumes of interest (VOIs) were manually drawn over contiguous axial *SUL* images that encompassed the breast lesion. Four metrics from these VOIs were calculated at each imaging time point: the maximum single-voxel *SUV* (*SUV~max~*) and *SUL* (*SUL~max~*) and the mean value of a 1-cm^3^ sphere (*SUV~peak~*, *SUL~peak~*), also known as the "hotspot" analysis ([@B9]). For each metric, PERCIST measurements (or percent change) were performed for each baseline image that had at least 1 corresponding post-baseline scan by using the following formula from Wahl et al. ([@B9]): $$\text{\%\ Change} = \frac{100\text{×}\left( t_{n} - t_{0} \right)}{t_{0}},$$where *t~0~* and *t~n~* are the baseline and post-baseline scans, respectively. For simplicity, we are defining "PERCIST measurement" to be the percent change equation (listed) above. We note that PERCIST is a series of guidelines that quantify tumor uptake and compute percent change to evaluate tumor response based on thresholds of change. The interested reader should refer to the literature ([@B9], [@B19]) for more detail regarding PERCIST guidelines.

Statistical Analyses {#sec2-4}
--------------------

To compare the difference between prone and supine, a Wilcoxon signed rank test was performed for each metric, including the PERCIST measurement. A Spearman correlation was performed to test for association between scan orientations for each metric. A Bland--Altman analysis ([@B20]) was performed to test for agreement between scan orientations. Lastly, a receiver operating characteristic (ROC) curve analysis was performed to determine the ability of each measurement (ie percent change of each imaging metric; for example, *SUL~peak~*) to predict pCR using a logistic regression model that included age and tumor size as covariates; areas under the ROC curve (AUC) were subsequently calculated. *P* values of ≤0.05 were considered statistically significant. Correction for multiple testing was performed by controlling the FDR (false discovery rate) at 0.05.

Results {#sec3}
=======

Patient Characteristics and Pathologic Response {#sec3-1}
-----------------------------------------------

In total, 47 treatment-naïve patients with breast cancer were enrolled. Patients received up to 6 cycles of NAT (regimens listed in online supplemental Table 1 for each patient) followed by surgery if appropriate. Patient baseline characteristics and pathologic response are listed in [Table 1](#T1){ref-type="table"}. Median age was 48 years (range, 31--67). Patients with a range of clinical stages were included, with the majority being stage IIIA (30%), followed closely by IIB (28%) and IIA (21%). The median tumor size was 5.0 cm (range, 1--13). In addition, a range of receptor statuses were observed: 36% were hormone receptor and human epidermal receptor 2 (HER2)--negative (triple negative), 26% were hormone receptor--negative but positive for HER2, 21% were hormone receptor--positive but HER2-negative, and 17% were both hormone receptor--positive and HER2-positive. After NAT, 18 (38%) patients achieved pCR (ie responders), while 26 (55%) did not (ie nonresponders). Three patients did not undergo surgery; 1 was diagnosed on initial PET scan as having widespread metastatic disease, and the other 2 developed metastatic disease in the brain while undergoing NAT.

###### 

Patient and Tumor Characteristics (N = 47)

  Median Age, Years (Range)                                             48 (31--67)   
  --------------------------------------------------------------------- ------------- -----
  Race and Ethnicity                                                    N             \%
      White                                                             35            74%
      Black or African American                                         12            26%
      Hispanic or Latino                                                2             4%
  Clinical Stage                                                        N             \%
      I                                                                 5             11%
      IIA                                                               10            21%
      IIB                                                               13            28%
      IIIA                                                              14            30%
      IIIB                                                              2             4%
      IIIC                                                              2             4%
      IV                                                                1             2%
  Median Tumor Diameter at Baseline, cm (Range)                         5 (1--13)     
  Receptor Status                                                       N             \%
      Hormone Receptor--Positive,     HER2-Positive                     8             17%
      Hormone Receptor--Positive,     HER2-Negative                     10            21%
      Hormone Receptor--Negative,     HER2-Positive                     12            26%
      Hormone Receptor--Negative,     HER2-Negative (Triple Negative)   17            36%
  Tumor Response                                                        N             \%
      pCR                                                               26            55%
      Non-pCR                                                           18            38%
      No Surgery                                                        3             6%

Abbreviations: HER2: human epidermal receptor 2; pCR: pathologic complete response.

Owing to a variety of factors, not all patients were scanned at all time points. Therefore, the number of FDG-PET/CT prone and supine scans at each time point is as follows: baseline (*t~0~*; n = 46), after cycle 1 (*t~1~*; n = 2), after cycle 2 (*t~2~*; n = 10), or after all NAT (*t~3~*; n = 19). Factors resulting in a loss of imaging data at these time points included changes in the course of therapy due to disease progression and patients declining follow-up scanning due to scheduling conflicts or feeling too ill.

PET/CT Parameter Comparison and Pathologic Response {#sec3-2}
---------------------------------------------------

Illustrative FDG-PET/CT images are presented in [Figure 1](#F1){ref-type="fig"} for a subject with pCR (ie responder) and for another without pCR (ie nonresponder). The image corresponding to the central tumor slice is presented for each subject. As expected, the breast lesion, and subsequently the tumor FDG uptake, disappeared for the responder ([Figure 1A](#F1){ref-type="fig"}), whereas the breast lesion and FDG uptake was still observed after NAT for the nonresponder ([Figure 1B](#F1){ref-type="fig"}). FDG-PET/CT metrics at each time point are listed for each subject in online supplemental Table 2.

![Representative examples of prone and supine 18F-fluorodeoxyglucose (FDG) positron emission tomography (PET)/computed tomography (CT) images for a patient with pathologic complete response (pCR) \["responder"; (A)\] and a patient with non-pCR patient \["nonresponder"; (B)\] are presented at baseline and after all cycles of neoadjuvant therapy. The image corresponding to the central tumor slice is presented for each subject. FDG uptake decreased in both patients after therapy, although the responder had the largest decrease in radiotracer accumulation. In addition, the spatial distribution of radiotracer uptake within the lesion appears to be larger in the supine position than in the prone position, especially visible in the nonresponder (B). Also noted in (B) is the radiotracer accumulation within the myocardium of the heart in the prone images at baseline. Similar uptake is observed within the myocardium in the supine image at baseline, as well as both prone and supine image post-treatment. However the images that included the central tumor slice did not include the same anatomical section of the heart.](GP-TOMJ200014F001){#F1}

Scatter plots for the value of each metric were graphed, and an illustrative example of *SUL~peak~* from supine images plotted against *SUL~peak~* from prone images is shown in [Figure 2A](#F2){ref-type="fig"}; the line of unity (red line) is also presented. Notably, the supine values are significantly (*P* = .001) higher than the prone values; however, the 2 values are correlated ([Table 2](#T2){ref-type="table"}). A Bland--Altman plot ([Figure 2B](#F2){ref-type="fig"}) also demonstrated that the *SUL~peak~* from supine and prone data is consistent and in good agreement as most data points are within the 95% confidence interval limits. Scatter and Bland--Altman plots for the PERCIST measurement of *SUL~peak~* show no statistical difference between prone and supine orientation ([Figure 2, C](#F2){ref-type="fig"} and [D](#F2){ref-type="fig"}); similar results were observed for the other PERCIST measurements ([Table 2](#T2){ref-type="table"}). Scatter and Bland--Altman plots for all other metrics are included in online supplemental Figures 1--3.

![Scatter plot of standardized uptake value (SUV) normalized to lean muscle (*SUL~peak~*) from supine images plotted against *SUL~peak~* from prone images (A). This plot shows that although the supine values are statistically higher than the prone values, values from the 2 scans are consistent. Line of unity is shown as the red solid line. Bland--Altman plot again shows that the *SUL~peak~* from supine and prone data is consistent and is in good agreement as most data points are within the 95% confidence interval limits (B). Scatter and Bland--Altman plots for the PERCIST (PET Response Criteria in Solid Tumors) measurement of *SUL~peak~* (C, D). The line of unity is located within the middle of the data points, suggesting the PERCIST values are similar in value. The Bland--Altman plot again shows good agreement between prone and supine data. Please note the difference in scales on the *y* axis of the Bland--Altman plots in (B) and (D). Notably, the width of the 95% confidence intervals are smaller with the PERCIST measurement compared to the absolute metrics.](GP-TOMJ200014F002){#F2}

###### 

PET/CT Parameter Comparison: Prone Versus Supine

                         Mean Prone          Mean Supine         Mean difference     Wilcoxon Test   Spearman Correlation(*p* value)
  ---------------------- ------------------- ------------------- ------------------- --------------- ---------------------------------
  Absolute Metrics                                                                                   
      SUV~max~           8.21 (**±**6.97)    9.78 (**±**8.54)    −1.57 (**±**2.08)   *P* \< .001     0.985 (\<0.001)
      SUV~peak~          6.68 (**±**5.81)    7.95 (**±**7.03)    −1.27 (**±**1.54)   *P* \< .001     0.991 (\<0.001)
      SUL~max~           5.15 (**±**4.16)    6.11 (**±**5.01)    −0.96 (**±**1.23)   *P* \< .001     0.986 (\<0.001)
      SUL~peak~          4.19 (**±**3.49)    4.96 (**±**4.16)    −0.78 (**±**0.91)   *P* \< .001     0.989 (\<0.001)
  PERCIST Measurements                                                                               
      SUV~max~           −0.53 (**±**0.34)   −0.54 (**±**0.34)   0.00 (**±**0.13)    *P* = .639      0.911 (\<0.001)
      SUV~peak~          −0.52 (**±**0.36)   −0.53 (**±**0.34)   0.02 (**±**0.13)    *P* = .848      0.931 (\<0.001)
      SUL~max~           −0.54 (**±**0.34)   −0.54 (**±**0.33)   0.00 (**±**0.13)    *P* = .609      0.916 (\<0.001)
      SUL~peak~          −0.52 (**±**0.36)   −0.54 (**±**0.33)   0.02 (**±**0.13)    *P* = .831      0.930 (\<0.001)

SD: standard deviation; means include all time points with corresponding prone and supine data; mean difference is prone − supine.

In total, 29 PERCIST measurements were computed for each scanning position and PET metric, 10 after cycle 2 and 19 after all cycles of NAT; this corresponded to PET data for 28 patients, as scans were performed at 3 time points for 1 patient. Age and tumor size along with each PERCIST measurement were included as covariates in a logistic regression model for prediction of pCR. AUC values (±95% confidence intervals) were calculated to compare the ability of prone versus supine measurements to predict response, and are listed in [Table 3](#T3){ref-type="table"}. The AUC values for the prone metrics ranged between 0.73 and 0.75, which were slightly lower than the supine metrics that ranged between 0.77 and 0.79. However, the 95% confidence intervals for each imaging metric overlap, suggesting no difference between scan position at predicting pCR.

###### 

PERCIST AUC Values with 95% Confidence Intervals (CI)

              Prone (95% CI)      Supine (95% CI)
  ----------- ------------------- -------------------
  SUV~max~    0.74 (0.53--0.95)   0.77 (0.58--0.97)
  SUV~peak~   0.73 (0.52--0.94)   0.77 (0.57--0.97)
  SUL~max~    0.75 (0.55--0.96)   0.79 (0.60--0.98)
  SUL~peak~   0.74 (0.53--0.95)   0.78 (0.58--0.98)

Abbreviations: PERCIST, PET Evaluation Response Criteria in Solid Tumors; AUC, area under curve; SUV, standardized uptake value; SUL, standardized uptake value normalized to lean muscle.

Discussion {#sec4}
==========

Breast MRI is recommended for evaluation of disease extent in patients with biopsy-proven breast cancer just before surgery, and the utility of this modality to predict response to NAT is an active area of investigation ([@B21]--[@B26]). By combining the molecular information of PET with the morphological and functional information provided by MRI, it is possible to provide a more comprehensive biological assessment of a lesion. Breast MRI is collected in the prone position to minimize patient motion and reduce image contamination from other organs such as the heart. Traditionally, however, PET is collected in the supine position, making a direct voxel-by-voxel comparison with MRI very challenging. With the development of combined PET/MRI systems, PET data can now be collected in the prone position similar to MRI. When comparing prone versus supine information, there are the following 2 relevant issues: lesion detectability and lesion quantification. Regarding lesion detectability, we have previously shown that prone and supine FDG-PET provided statistically identical information regarding locoregional disease distribution in patients with breast cancer. Notably, we also showed improved lesion detectability of cancer-involved lymph nodes in the axilla of prone scans compared to supine ([@B13]), suggesting prone scans have improved diagnostic potential.

The focus of the current study was to compare radiotracer uptake, as quantified by PERCIST measurements, between prone and supine scans, as well as explore the effect, if any, on predicting pCR. It is known that the degree of compression and extension of tissue can affect an imaging measurement, which is why X-ray mammography uses compression to improve visualization of structures within the breast. It is plausible that the degree to which the breast is compressed or extended could also influence the local distribution of the radiotracer, which would then have an effect on the uptake within the breast tissue and thus the PERCIST measurement. Therefore, the main objective of this study was to determine if the different orientation of the breast during prone and supine PET imaging had a statistically significant effect on the resulting image quantification, namely, the PERCIST measurements, and the ability to predict pCR.

Results from this study suggest that PERCIST measurements, regardless of metric (eg, *SUV*, *SUL*) calculated from prone data are not statistically different to supine data. In addition, the ROC analysis showed no difference in predicting pCR between scan positions. This result is especially important given the increasing investigation of combined PET and MRI studies to provide complementary information of the breast tumor and its microenvironment ([@B14], [@B27]--[@B29]). Interestingly, a comparison of the individual PET metrics (eg, *SUV~max~* or *SUL~max~*) between scan positions showed that the supine values were significantly higher than the prone. In addition, a linear pattern is observed in the Bland--Altman plot ([Figure 2B](#F2){ref-type="fig"}) where the difference between scan position increases as radiotracer uptake increases, suggesting the absolute metrics (*SUV*, *SUL*) are dependent on scan position. These results are consistent with our previous study that compared *SUV~peak~* and *SUV~max~* calculated from prone and supine FDG-PET in a breast phantom and patients with breast cancer ([@B16]). However, in both the current study and our previous work, the individual metrics were highly correlated between scan orientation and thus appeared to report on the same underlying pathophysiology. Notably, the proportional bias observed in the Bland--Altman plot was not observed in the PERCIST measurement comparison ([Figure 2D](#F2){ref-type="fig"}).

Higher PET metrics calculated from the supine data could be due to a larger tissue per unit volume in the supine position, resulting in more positron emission counts from a particular tissue area of the breast. An example of this can be seen in [Figure 1B](#F1){ref-type="fig"} where the lesion appears to be spatially broader with a larger footprint of "hotter" voxels in the supine orientation compared with prone orientation. Another potential reason as to why the supine PET metrics are higher than the prone PET metrics is the longer distribution time, and thus accumulation, of the radiotracer, thereby resulting in higher individual PET metrics. In all but 2 patients, the prone data were collected first. Notably, in the 2 patients where supine data were collected first, the prone metrics were higher (see online supplemental Table 2). Therefore, the significant difference in the individual metrics (*SUV~max~* or *SUL~max~*) is hypothesized to be an artifact of the study design. To completely remove the potential variable of acquisition time in relation to radiotracer administration, patients in this study should have been randomized to undergo either supine first or prone first. This represents a limitation, and a future study should randomize the sequence order of prone and supine data to explore if the individual PET metrics are truly different between scan orientations.

In conclusion, this study was performed to explore the difference in PERCIST measurements between prone and supine scan orientation in FDG-PET/CT of the breast. For all PET metrics (*SUV~peak~*, *SUV~max~*, *SUL~peak~*, and *SUL~max~*) evaluated, no statistical differences in PERCIST measurements were observed, suggesting that the orientation of the breast does not affect a PET measurement of percent change between 2 time points. This is of particular importance as the use of combined PET/MRI machines in the clinic increases and the utility of imaging biomarkers to provide a surrogate of pathological response becomes standard-of-care. Although this study was performed with FDG, it is anticipated that these results can be translated to another ^18^F-labeled tracer and provide evidence that a corresponding PERCIST measurement collected in the prone position would be statistically not different than the supine.

Supplemental Materials {#sm1}
----------------------
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